Abstract-One of the main drawbacks of switched reluctance motors (SRMs) is vibration and acoustic noise, which limits their application. An accurate predication of the modal vibration frequencies of the SRM stator is essential in order to design a lowvibration motor and operate it quietly. Electronic techniques for noise reduction also depend on knowledge of the resonant frequencies, which depend on the mechanical structure surrounding the laminations. This paper examines the effects of the stator windings and end-bells on stator modal vibration frequencies. The error in the calculation of the resonant frequencies can be up to 20% if the influence of end-bells is neglected. The numerical computations of the stator mode shapes and resonant frequencies are validated with experimental results.
I. INTRODUCTION
T HE switched reluctance motor (SRM) has many advantages over the induction motor and brushless dc motors, but is inferior with respect to vibration and acoustic noise. It is widely accepted that the stator vibration at the turn-off of a phase is a dominant source of acoustic noise [1] - [3] , [13] , [14] . The vibration and resulting acoustic noise is particularly severe when stator resonance occurs, i.e., when the frequencies and waveforms of the excitation (usually radial magnetic forces) coincide with the normal mode shapes and natural frequencies [1] , [3] , [13] . It is important to accurately predict the resonant frequencies and vibration characteristics of the SRM stator in order to design quiet electrical machines [10] , [11] and for quiet operation [3] .
The contribution of the stator poles and ribs has been investigated with numerical computations in previous papers [4] , [13] , [14] . Generally, the poles and ribs of the SRM stator cannot be treated as an extra mass (an acceptable effect in induction motors) [4] , [11] , [12] although the analytical formulas using the assumption of "extra mass" showed a good estimation of the frequencies of the low order modes. Many mode shapes are Paper IPCSD 01-094, presented at the 1999 IEEE International Electric Machines and Drives Conference, Seattle, WA, May 9-12, and approved for publication in the IEEE TRANSACTIONS ON hidden under the "extra mass" assumption and the poles and ribs play a "stiffness" role on the resonant frequencies of high-order modes [4] , [13] , [14] . Previous work [4] - [6] on the effect of phase windings has concentrated on the induction motor. There is some controversy concerning the contribution of the phase windings. Some investigators treated windings as additional mass [4] , [6] , [11] while others did not account for them [2] , [7] , [8] , [12] in the resonant frequency calculations. It was believed that the windings have effects of both additional mass and vibration damping in induction motors [5] .
The contribution of the windings to the resonant frequencies of the SRM stator is investigated in this paper. There is no previous work on the effect of SRM end-bells on the stator resonant frequency characteristics. Modeling the end-bells and computing their influence on the SRM stator vibrations is the new contribution in this paper. A shaker-accelerometer measurement system is employed to measure the resonant frequencies of the first several mode shapes. Experimental results validate the three-dimensional (3-D) numerical computations with the finite-element method.
II. FINITE-ELEMENT MODELS FOR MODAL ANALYSIS OF THE SRM STATOR
A commercial 4-kW SRM with four phases and 8/6 poles is used as the basis of the calculations with the stator components shown in Fig. 1 . For the encased stator of the SRM, the end-bells are tightly mounted on both sides of the stator frame in order to support the rotor assembly. Bolts are used to connect the frame and the end-bells The stator laminations are stacked with common 0.5 mm silicon steel sheet and the frame is die-cast iron. The lamination stack is pressed into the smooth bore of the ribbed frame so that a frictional contact is maintained. The material properties can be found in the Appendix.
The mathematical model of the finite-element method for modal analysis is given in previous papers [14] , [15] . Two basic finite-element models are built to investigate the effects of windings and end-bells. A stator skeleton, as shown in Fig. 2(a) , includes the details of a ribbed frame structure with terminal box and mounting feet. The mass of the phase windings is treated as an increase of the mass density of the pole to which the winding is attached. This model can be extended to consider the influence of the frame overhang length on stator vibration by increasing frame length.
The end-bell with bearing housing is modeled in Fig. 2 (b). Two meshed end-bells are attached to the stator skeleton, as shown in Fig. 2(c) . The connections between the end-bells and stator frame can be expressed by merging different node sets at the contact surface of the frame and end-bells. The correct finite-element model to reflect the actual contact at the interface between frame and end-bell is investigated in Section IV. The element distributions of the stator components are revealed in Fig. 2 (d) and (e), which reflects the procedure for generating the whole finite element model of the SRM stator. The winding mass is evenly distributed on the stator poles.
III. IMPACT OF WINDINGS ON THE RESONANT FREQUENCY OF THE STATOR ASSEMBLY WITHOUT END-BELLS
The concentrated windings of the SRM are installed on the stator poles. There is insulation between a pole and winding. For conventional motors, the contact between pole and winding assembly is tight enough to allow the windings to move with the pole, but cannot add an extra stiffness due to the existence of the insulation. Although the windings may contribute to stiffness if the slot fill factor is high, the increase in the stiffness is low when compared to the mass added by the windings to the stator assembly. Therefore, the effect of the windings is equated to an increase of the pole mass. As a result, the geometrical model for finite-element computation is the same as the model without end-bells in Fig. 2(a) , but the poles are treated as the third material with the same Young's modulus, the same Poisson's ratio, but a different specific mass (18 590 kg/m ). For this 4-kW SRM, selected computational results of the quasi-inplane flexural modes are given in Fig. 3 . A detailed examination of the mode shapes of the SRM is given in [13] and, therefore, not repeated here. While the second and third mode shapes in a smooth cylinder are well defined, several additional mode shapes are created in a frame with ribs between the standard second and third mode shapes. A comparison between computations with and without the effects of windings is given in Table I . Measurements were performed with the rotor assembly and the stator end-bells removed from the SRM (details of the technique are in Section V). The computed results with the model including the winding influence, in columns (a′), (b′), and (d) of Table I , have an error of less than 5%, compared to the measured modal frequencies of corresponding mode shapes, shown in Section V. Obviously, unacceptable results with errors of more than 40% may be produced when neglecting the effects of windings when the resonant frequencies are computed for the SRM stator.
It is possible for the windings to constrain the motion of the pole at high frequencies of the in-plane flexural modes or in bending modes, torsional modes and out-of-plane flexural modes. In these cases, the windings may lead to an increase of the corresponding mode frequencies, and is equivalent to additional stiffness applied to the stator assembly. This is left for future investigation, with the emphasis in this paper being on the lower frequencies, which dominate acoustic noise production.
(e") (e"') (f) Up to now, the effects of the windings on the resonant frequencies have been considered. The effect of the end-bells on the resonant frequency has been determined experimentally. A "shaker-accelerometer" test system was employed to perform the test. The resonant frequency of the second-order mode of the stator without end-bells is 1060 Hz, which becomes 1325 Hz after adding the two end-bells. The error of the resonant frequency approaches 25% if the end-bell effects on the secondorder mode are ignored. Therefore, the effects of the end-bells on the normal vibration of the SRM stator cannot be omitted. The question that needs to be answered is the determination of the correct modeling procedure.
The modeling of the end-bells using finite elements is nontrivial. Three modes of contact between frame and end-bells are examined and compared with experimental results in order to model the stator assembly for natural vibration analysis correctly.
(i) The frame and end-bells are in perfect contact with each other, i.e., these surfaces will move together. (ii) Only the nodes on the periphery are merged together while the cross-sectional surfaces are left to vibrate freely. (iii) The local areas around the connection bolts are assumed to have identical motion while the rest of the areas on the surfaces vibrate independently.
The three models have the same geometrical dimensions of a real 4-kW SRM, as shown in Fig. 2(c) . The windings are treated as extra mass and added to the poles since in-plane flexural mode shapes are the main concern in this dissertation. The finite element models are shown step by step in Fig. 2(b) , (d), and (e). The mode shape and resonant frequencies for case iii) above, which is validated by experimental results, are given in Fig. 4 . The resonant frequencies of selected mode shapes for all three cases are listed in Table II . To clearly show the deformation inside the stator at each mode, one end-bell is removed to show the mode shapes. Of course, both end-bells are included in the modal analysis by finite-element computations.
Compared to the numerical results in Fig. 3 , the resonant frequencies corresponding to the same mode shapes are raised after the end-bells are added to the stator assembly of the SRM, as shown in Fig. 4 and Table II. The mode shapes in Fig. 4 , (where the end-bells are included) should be compared to the corresponding mode shapes in Fig. 3 , where the end-bells are omitted. For example, the frequency of the second-order mode shape will increase 20% with end-bells, compared to the one without including the end-bell effects. It appears that the effect of the end-bells is to compensate for the frequency decrease caused by the windings. This observation explains a phenomenon: some measurement results of resonant frequencies are close to the computed values when both windings and end-bells are neglected in the model. However, this cancellation will not always be exact, since the positive contribution of the end-bells to the SRM stator vibration will not always cancel out the neg- ative contribution of the windings exactly. It is necessary to consider the winding influence and the end-bell impact on the vibration of the SRM separately. End-bells should not be removed from the physical model for finite-element analysis of SRM stator vibrations.
The correct method to add end-bells to the numerical model is important for accurate computation of the stator vibration. The mounting surfaces of the end-bells would have perfect contact with the frame faces if manufacturing and installation are ideal. In the finite-element model, this corresponds to merging all nodes at the contact areas. Error in the computed results, based on this assumption, occurs for the second-order mode shape and their frequencies when compared to experimental results. In fact, it is impossible to mount the end-bells perfectly at the well-machined ends of the stator frame. In practice, only local areas on contacting surfaces make proper contact, which can be easily found if the end-bells are removed from the SRM. These local areas are concentrated around the bolt holes. Therefore, only the nodes around the bolt areas are merged with the rest left to move freely. This model, called "bolt area merged," is validated by the "shaker-accelerometer" test. For instance, the error of the resonant frequencies produced with this model is less than 2% for the second and fourth mode shapes (1304 and 5199 Hz). The selected mode frequencies are given in the last column of Table II . Generally, the predicted resonant frequency increases as one models the end-bells in terms of bolt merged to perifery merged to all nodes in the end-bell being merged to the frame. This is expected because of the corresponding increase in stiffness.
Comparing the frequencies under "Periphery merged (ii)" to the results from "Bolt area merged (iii)" in Table II , the frequencies corresponding to selected in-plane flexural modes are of similar accuracy, except for the second order mode shapes. This means that the two models are acceptable for high-frequency models but not in the low-frequency range. The mode sequence in terms of the frequencies is changed, and the modes related to the end-bell motion, the torsional modes, bending modes, and the out-of-plane modes are all different from each other. The reason for this is the differing constraints in the end-bell mounting.
In Fig. 5(a) , the bearing housing moves up and down. This mode can be excited by an eccentric air gap or rotor bend. A mode describing the swinging of the bearing housing is shown in Fig. 5(b) , which can be excited by an unbalanced rotor. The bearing itself may stimulate the mode corresponding to oval de- formation of bearing housing, such as the mode of Fig. 5(c) . The end-bells behave like thin plates and deform in the axial direction, as shown in Fig. 5(d) . Any end thrust caused by the rotor may excite this mode.
V. EXPERIMENTAL VALIDATION
In Fig. 7 , the acceleration outputs of channels 2, 3, and 4 from an oscilloscope correspond to accelerometers spaced 90 apart around the SRM (Fig. 6) and which, therefore, correspond to the top, sides, and bottom of the SRM. The accelerometer outputs in Fig. 7 are processed to determine the resonant frequencies, which are shown in Table III . The experimental results clearly show the difference in the resonant frequency as a result of the end-bell and also shows the correlation with the theoretical results with the "bolt area merged" model. Fig. 8 shows the measured force and acceleration spectra (stator with end-bells) under white-noise excitation using a shaker, together with the transfer function. It can be seen from the white-noise excitation results that the second mode resonant frequency is 1320 Hz for the stator with end-bells. Another peak in the acceleration spectrum (around 2020 Hz), is caused by the experimental system (there is a steel push rod connecting the shaker and the stator of the SRM, and four ropes holding the motor to a solid bench), which can be confirmed by looking at the peak of the force spectrum. The peak caused by the experimental setup disappeared in the transfer function plot, however, another peak around 2500 Hz is shown in the transfer function plot, which is the third mode frequency.
The measured second and third mode resonant frequencies (1320 and 2500 Hz) using white-noise excitation for the stator with end-bells are fairly close to the results of the other methods mentioned above, which confirms the validity of both methods.
VI. CONCLUSIONS
A knowledge of the resonant frequencies of the SRM is important for producing low-vibration and low-noise designs. Electronic techniques for the reduction of acoustic noise depend on a knowledge of the resonant frequencies. Previous work has examined the effects of the laminations and a frame on the resonant frequencies. This paper extends that work to include the effects of the windings and the end-bells. Among the findings of this research, are the following. 1) Windings influence the resonant frequencies significantly and their effects are different depending on the particular resonant frequency. Errors of over 40% in the estimation of the resonant frequency can occur for some of the resonant frequencies. 2) The end-bells must be included in the model for determining the resonant frequencies. Errors in excess of 25% can exist if they are neglected. 3) Windings tend to reduce the resonant frequencies, while end-bells increase the resonant frequencies. Hence, they tend to offset each other, but not completely, depending on the design. 4) The finite-element model which gives the best results is that where the elements around the bolts of the end-bell are merged, and not all the elements where the end-bell meets the frame. 5) Shaker tests with sinusoidal and white-noise excitation validate some of the results.
APPENDIX
See Fig. 9 and 
